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SUMMARY 

An investigation was made  of  the  forced-convection  heat-transfer 
and  pressure-drap  characteristics  of 8. staggered  closely  spaced 0.020- 

cally  heated, and the  range  of  variables  included  bulk  Reynolds  nunibers 
based on wire  diameter  and maxhum velocity,  from 82 to 1900, average 
wire  temperatures  up  to U09O R, and  heat flux densities  up  to 84,000 
Btu  per  hour  per  square  foot. A n  attempt  was  made  to  correlate  the 
isothermal  wire-screen  p-ressure-drop  data of various  investigators. 

+ inch  wire  metal-to-air  heat  exchanger.  Eight  wfre  banks  were  electri- 

* 

The heat-transfer  data  based an the  physical  properties of air  at 
the  film  temperature  resulted in a good  correlation  throughout  the  range 
of Reynolds  nmibers  investigated.  The  data  were  evaluated on the  basis 
of free-fluw  factor  as  well as porosity,  which 1s a measure  of  the vol- 
ume  of  void within the  wire  matrix.  The  scatter of the  data was reduced 
by  means of a modified  correlation  method in wbich the  product  of  the 
air  density  at  the film temperature  and  the  bulk  upstream  velocity was 
substituted  for  the  conventional mass flow  per  unit  cross-sectional  area 
in the  Reynolds  number. 

Isothermal  wire-screen  pressure-drop  data of various  investigators 
were  cross-plotted  to  determine a correlation  of  drag  coefficient  and 
free-flow  factor. The result  obtained was applied  to  the  data  of  the 
present  investigation. 
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INTRODUCTION 

mACA RM E54D12 

The  use of an air-cooled  nuclear  reactor  as a parer  source  for pro- 
pulsion  of  aircraft  is  of  considerable  current  interest.  Inasmuch  as 
air  is a relatively  poor  heat-transfer  medium,  it  is  desirable  to  incor- 
porate aB much  heat-transfer  surface  into  such a reactor as is feasible. 
To do  this,  fine-grained  heat-transfer  matrices  are  required.  One pos- 
sible  matrix  consists of banks  of small wires, or screens, in which  the 
heat  is  generated, and across  which  the  cooling  air  is  passed.  Forced- 
convection  heat-transfer  data  for  such  fine-grained  configuration8  are 
sparse,  and  what  data  are  available Gve-been .obtained by transient 
techniques  at  extremely low heat-flux  densities. A l l  available 
pressure-drop data were obtained for isothermal flow. 

A n  experimental  investigation has been  undertaken  at  the NACA Lewis 
laboratory  to  augment  knowledge on the  heat-transfer and friction  char- 
acteristics of wire  matrices. As a part  of  this  general program, an in- 
vestigation has been  conducted  with  air f la r ing  across  eight  banks  of 
closely  spaced  electrically  heated  0.020-inch-diameter  Nichrane V tubes. 
The  range  of  variables  included  bulk  Reynolds.nmiters  based on wire  di- 
ameter and rnaximm velocity,  frcm 82 to 1900, average  wire  temperatures 
up  to U09O R, and  heat-flux  densities  up  to 84,000 Btu  per  hour  per 
square  foot . 
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APPARATUS 

Air system. - A photograph  and a schematic  diagram  of  the  test  set- 
up are shown in figure 1. Air  at a pressure of 120 pounds  per  square 
inch gage is  supplied through a surge tank,  air  cleaner, and a bank of 
orifices  where  the  flow is measured.  From  the  orifices  the  air  passes 
through a valve  into  the  inlet  duct,  through  the  test  channel,  across 
the  wire  heat  exchanger, and is  exhausted  to  the  atmosphere. 

Heat  exchanger. - A photograph, a schem8tic  diagram  of  the  test  chan- 
nel  and  test  heat  exchanger,  as  well as an enlarged  photograph  of a 
thermocouple  installation  are  shown  in  figure 2, The  heat  exchanger war3 
made up of eight  banks  of Rinhrme V tubes  with 0.020- and  0.010-inch 
outside  and  inside  diameters,  respectively.'  Bach  bank  consisted of 48 
tubes  with a 0.039-inch  spacing  between  tube  centers.  The  matrix  was 
fabricated to give a staggered  tube  arrangement  with a 0.039-inch  spacing 
between  tube bank centers  except  for a spacing  of 0.10 inch  between  the 
fourth and fifth  banks.  The  heat-transfer  length  of  each  tube was 2 
inches,  and  the  test  channel  dimensions  were 2.0 inches high by 1.9 
inches  wide.  The  free-flaw  factor  for  the matrix was 0.494, and  the 
porosity,  which is defined  as  the  volume  of  matrix  voids  divided  by  the 
total  volume of the  matrix, was 0.821. Nichraine T tub- was used. rather 
than  solid  wires so that  temperature  measurements of the  tube  could be 

F 
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* made.  Chromel-alumel  thermocouples  were d e ,  fram  0.003-inch-diameter 
wire,  by  joining  the  two  wires  with  s3lver  solder. A g l a s s  sleeving 
with an outside  diameter  of  about 0.007 inch was slipped  over  the  ther- 
mocouple,  and  the  entire  assembly  was  threaded  into  the  particular 
Nichrme V tube in  which a temperature  measurement was desired. The 
junction  was  positioned at a predetermined  location, and the  reading 
obtained  fram  the  thermocouple was considered  to  be  the  outside  tube 
wall temperature, hasmuch as  calculations  showed  that  the  temperature 

m drop  through  the wall was  negligible.  The chrccmel and  alumel  wires  came cn out  at  opposite  ends  of  the  tube  and  were  fastened  to  terminal  strips. 
0 Thirty-two  thermocouples  were  instslled in the  matrix,  located  at  the N 

positions shown in figure 2. 

The Nichrme V tubes  were  secured to copper  header  plates  which 
served  as a bus  bar.  The  header  plates  were first drilled  to  give  the 
desired  tube  spacing,  the  tubes  were  slipped  into  place, and the  entire 
assembly was silver-soldered  together.  Electrically  the  first  four  banks 
were  connected in parallel, a0 were  the  second four banks,  and  the two 
sets  of  four  banks  were  connected in series. To accomplish t h i s ,  the top 

cal  insulator. The spacing  between  the  fourth and fifth  banks was in- 
creased  to 0.10 inch  to  decrease  the  possibility  of a short  circuit in 
the  event  the  tubes  began warping at elevated  temperatures. To further 
insure  against a short  circuit, a small glass tube  was  used  as a spacer 
and inserted  between  the  fourth  and  fifth  banks.  The  top  header  plate 
was  firmly  fixed,  while  the  lower  header  plate  was  allowed  to  move as the 
tubes  expanded  at  elevated  temgeratures. This was accomplished by making 
a slip  fit of the  header  plate and the  bottom of the f l o w  channel  and SUB- 
pending a weight  from  the  header  plate. A totally  enclosed box at the 
bottom  of  the flow channel  housed  the  weight and the  thermocouples  that 
cme out of the  tubes in the bottm header  plate.  The  thermocouple  leads 
were  brought  out of the  totally  enclosed  box through a rubber  seal. This 
box  was  sealed off from  the  atmosphere and was essentially  at  the same 
pressure  as  the  flaw  channel,  and  therefore  the  leakage  around  the  slip 
fit  at  the bottm header  plate  and  the  bottom of the  flaw  channel m a  
kept  at a minimum. 

- header  plate  was  split  between  the  fourth and fifth  banks  by an electri- 

* 

The inlet  and  outlet  air  tenrperatures  were  measured by thermocouples 
located approxbately 1/4 inch  before  the  first  bank  and 1/4 inch after 
the  eight  bank,  respectively.  Thermocouple  rakes  consieting of six open- 
ball  chromel-alumel  thermocouples  were  originally  installed to obtain in- 
let  and  outlet  air  temperatures.  However,  the  open-ball  thermocouples 
were  found  to  be  affected  by  radiation  from  the  heated  tube  banks,  and 
therefore  were  replaced  with a single  aspirated  chromel-alumel themocou- 

ple  located  at  the  center  of  the  flaw  duct on the  inlet  side  was  repre- 
sentative of the  inlet  temperature. At the  outlet,  however,  the tempem- 
ture  profile was not  uniform,  and a temperature survey was  obtained  by 
taking measurements at seven transverse positions. The average of the 
seven  readings  was  taken  as  the  average  outlet a€r temperature.  It 

* ple  at  the  inlet  and  outlet  side. It was found  that a single  thermocou- 

w 
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,should be noted that in   f igure-2(a) ,   the  thermcouple  rakes  are shown a t  r 

the  exit  af the wzre banks. The s ingle   aq i ra ted  thermocouple was used 
for  the  test   data,   but  the open-wall  thermocouples  were"never  reiiwed- 
and no readings were taken  with them. Three static-pressure taps a t  . 

the M e t  and exit were located on the cqpper bus bar which makes  up 
the  top of the flay channel. The pressure  taps . . . .  were located 1/4, 7/8-, .. 

" 

.. 

and 1; inches from the first and eighth  tube banks. The transit ion 

from the inlet  tank t.0 %.e tess  f low . c m e J  g- _rq&led entrance. 
-- . . . . . .  . -. .~ ." - " . -_ 

. .  - - .. 0 
- ---In 

Electr ic  system 
supplied to   the test 
rabie  reactors and a 

&I . - Electric p m r  from a 208-volt  60-cycle l i n e  was M 

section, a8 shown in  f igure I(b), through two satu- 
puwer transformer. A voltage  regulator  controlling . .  

the  direct-current  supply  to  the  reactor  maintained  close  voltage  regu- 
la t ion   a t   the  primary of the power tramformer  for any set t ing  ( tes t -  
section  input) of the  variable  transformer  control. The capacity of 
the  electric equipment was  25 ki lovol t -aqeres   a t   a  maximum input of 
10 volts  across  the  test  section.. The power input was read from a 
calibrated ammeter, voltmeter, and wattmeter. 

. . . .  

PROCEDURE .. - 

0 

The experimental  procedure was as  follows: t he   a i r  flow across  the 
tube banks was sat a t  a minimum desired  level, and the power input wa6 
adjusted t o  give  the  approximate  desired  average w a l l  temperature. 
After equilibrium  conditions had been reached, all power input,  pressure, 
m d  temgerature  readings were recorded. The air flow was then  increased, 
and the  parer  input was increased t o  maintain  the  desired  tube wall tem- 
perature, and the  foregobg  procedure was. repeated. A t  the high weight 
flows, considerable  wire  vibration was observed. . Prolonged vibration 
could have damaged the  instrumentation  within the tubes;  therefore,  the 
data of t h i s  investigation were limited to  the lower  range of Reynolds 
numbers. The procedure was repeated  for  three wall temperatures Over a 

. . . .  

. .  

range of flow rates. ...... 

RESULTS AND DISCUSSION 

The basic data  obtained in  t h i s  investigation  are  l isted in 
tables I and 11. 

Heat balance. - The heat  balance is shown in figure 3, where the 
to ta l   e lec t r ic   hea t  input. Qp.. i6 plotted  against  the Beat transferred . " 

to   the air Q a s  determined from the flow rate, specific  heat, and in- 
crease i n   t o t a l  temperature. No heat-loss measurements were taken fo r  
the heat exchanger. The solid 45' l i ne  is  sham  to  represent  the  per- 
f e c t  heat-balance  condition. It is seen that most of the data fall 
within  the a 0  percent lines shown dashed. 

P 

i 
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- Tube-wall  temperature  distribution. - Representative  axial  tube 
bank  temperatures  are s h m  in figure 4 .  Each  plotted  point  is an av- 
erage  tube  bank  temperature. The slight  dip  at  the  inlet may be  due 
to  the  fact  that  the  heat-transfer  coefficient  is  lower  for  the  first 
bank  than  for  the  second  bank. A radiation loss fram  the  last bank may 
be  the  cause  of  the  slight  dip  at  the  exit. 

CN 
N cn 
0 

Correlation of Heat-Transfer  Coefficients 

Heat-transfer  coefficients. - Average  heat-transfer  coefficients 
were  obtained  from  the  follawFng  equation (All symbols are  defined in 
the  appendix) : 

where : 

T T1 temperature  at  inlet of tube matrix 

T2 average  of  seven  thermocouple  readings  taken  at  different  trans- 
* verse  locations at exit of tube  matrix 

Ts average w a l l  temperature of tube  matrix  (obtained  by  first  aver- 
aging  the  thermocouple  readings for each  indfvidualbank and 
then  averaging  the  temperature of the banks to  obtain an aver- 
age  wall  temperature of the  matrix) 

rb  arithmetic  average  of TI and T2 

S heat-transfer  surface area of  the  tubes 

Heat-transfer  correlation  based on bulk  temperature. - The  correla- 
tion  of  the  average  heat-transfer  coefficients in which the  physical 
properties of the  air  are  evaluated  at  the  average  bulk  temperature  is 
shown in figure 5(a) where  the  Nusselt  number m/kb is  plotted  against 

GoD Reynolds  number -. Data  for  three  wall  temperature  levels  are  in- 
pbF 

cluded. It should be noted  that  the minimum mass flow per  unit cross- 
sectional  area  divided by the  free-flow  factor  GO/F  is  the m a x i m u m  
mass flow per  unit  cross-sectional  area  based on the midmum free-flow 
area  of  the  matrix.  Included  for  comparison  is  the M c A h  single-wire 
equation  (ref. l), and the  Grimison  equation  (ref. 1) which  is  calcu- 
lated  for  the  matrix  reported  herein. The Grimison  investigation  was 

* 

* made down to a Reynolds  number of 2000, and  therefore  the  line 
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repreeenting  these  data was extrapolated  down  to  the  Reynolds  number 
range of the  present  investigation. In the McAdams single-wire  equa- 
tion and the  Grimison  equation,  the  fluid  physical  properties  are  evalu- 
ated  at  the  film  temperature;  however,  they  are  included  for  cmparison. 
It  is  seen  that  all the data  agree  very w e l l  with the McAdams eingle- 
wire  equation  and  fall  below  the Grimieon line. No trend  with  wall- 
temperature  level  can  be  noted. 

Heat-transfer  correlation  bssed on film  temperature. - To make  the 
heat-transfer  data  compatible  with  the McAdams and  Grimison  equations, 
data were  computed  with  the  air  properties  evaluated  at  the  average  film 
temperaturea  Figure  5(b)  shows a plot  of  Nusselt  number  hD/kf  plotted 
against  Reynolds nmber G$/P&F . It  is  seen  that  there  is  some  scat- 
ter in the  data,  with  the  data  falling  progressively  lower as the  wall 
temperature  is  increased.  The  data  fall  approximately 10 percent  below 
the  McAdams  single-wire  line  and  have  about  the  same  slope.  The  data 
fall  about 33 percent low when ccsxparea with the  Grimison  equation. 

0 In 
N 

The  transient  wire-screen  heat-transfer  data  of  Coppage  reported in 
reference 2 show that  the  heat-transfer  data fall far below the M c A d a m s  
single-wire  correlation  line  at low free-flaw  factors and appraach  it as 
the  free-flow  factor  is  increased.  At  free-flow  f8.ctors.of 0.455 to 
0.626, the  heat-transfer  data of Coppage fall approximately on the 
McAdams  single-wire  line.  The  data  of  the  present  investigation  were 
obtained  at a free-flow  factor  of 0.494 and  are  consistent  with 
Coppage's  results in that  the data fall  just 10 percent  below  the 
McAdams  single-wire  correlation  line. 

T h i s  would indicate  that  at  relatively hi& free-flow  factors, 
wires in any particular  configuration  act a8 single  wires so far  as 
heat  transfer  is  concerned in that  they  are  not  greatly  affected  by 
the  surrounding  wLres.  At low free-flow  factors,  however,  the  heat- 
transfer  characteristics of the wires are  influenced  by  the  other  wires 
in close proximity with  them. 

Film  heat-transfer  correlation on porosity basis. - In reference 2 
the  transient  wire-screen  heat-transfer  data of Coppage  are  correlated 
by plotting  the  Nusselt  number hD/kf against Reynolds number 
G$/&P. It  should  be  noted  that  the  Reynolds number was  modified  by 
replacing  the  free-flow  factor F with  the  porosity P. When  the  data 
of  reference 2 were  plotted in this  manner, all the data,  representing 
a range of free-flaw  factors  from 0.156 to 0.626, fell on a single 
line  represented  by  the  equation 

0.554 
= 0.54 (s) 

kf 
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The  data  of  Coppage shown in reference 2 were  obtained  with  wire 
screens,  and a correction  factor  was  applied  to  the  equation  just 
given  to  account for the  heat-transfer  area  covered  by  the  overlap 
of  the  wires.  For  the  data of the  present  report,  however,  there is 
no correction  since  the  matrix  is  made  of  parallel  tubes with no cross 
wires  and  therefore no overlap. 

* 

w 
N m 
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Figure 5(c)  shows a plot of Nusselt  number  hD/kf  against  Reynolds 
number G@/vfP. As indicated,  the  physical  properties of the  air  are 
evaluated  at  the  average film temperature.  Included  for  canparison  is 
the  correlation  equation of reference 2. The  data fall approximately 
20 percent  belaw  the  correlation  equation  of  reference 2. There  is 
some  scatter in the  data,  the  Nusselt  nuniber  decreasing  as  the wall 
temperature  is  increased for a constant  Reynolds  number. 

Bulk heat-transfer  correlation on a porosity  basis. - A plot  of 
Nusselt  number hD/kb against  Reynolds  number  G#/pbP  is  shown 
in figure 5(d). The-physical  properties  of  the air are  evaluated  at 
the  average  bulk  temperature, and the  Reynolds  nuniber is calculated 

temgeratures fall on a single  curve.  Lncluded for comparison  is  the 
line  from  reference 2 representing  the  heat-transfer  data  of  Coppage. 

Coppage  were  taken  at very low heat-flux  and  temperature  levels,  and 
the  data  would  not  be  notfceably  altered  by  evaluating  the  physical 
properties on a different  basis.  The  data  of  this  investigation fall 
approximately 15 percent  below  the  line  of  reference 2. 

on a porosity  basis.  It  is  seen  that the data for  the  three wall 

Camparison with this  line is considered  justified in that  the  data  of 

Modified  heat-transfer  correlation. - As shown by  figure 5 (a) there 
is no trend in the  heat-transfer data with w a J l  temperature  level. How- 
ever,  if  the  wall  temperature range were  increased, a trend  would  be  ex- 
pected  to  appear,  similar to that obtained in previous  work on the flow 
of air  through  heated  tubes. In the  air  heat-transfer  investigation  for ’ 
flow  through  tubes as reported in reference 3, a trend  with  temperature 
was  found, and a suitable  correlation was reported by modifying  the 
Reynolds  number. A similar  trend was found in the  analytical a d  ex- 
perimental  investigation of reference 4. The  Reynolds  number was modi- 
fied  by  substituting  the  product  of  the  density  at  the  film tmperature 
and  the  bulk  free-stream  velocity  for  the  conventional ~ R S B  flow per 
unit  cross-sectional  area. This method was applied  to  the  data of the 
present  investigation  by  modifying  the  Reynolds  number in  the  following 
manner 
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A plot  of  Nusselt  number hD/Q against  modified  Reynolds  number 
based on porosity pfVp/p$ is shown in f i w e  6(a). It  is  seen  that 
all the data  fall on a single  line and give  results similar to  the  bulk 
heat-transfer  correlation .011 a porosity  basis.  The data again  fall 
approximately 15 percent  belaw  the  line of reference 2 representing 
the  data of Coppage. 

Similar  results  were  obtained  when  the  Reynolds  number  based 011 
free-flow  factor was modified. A plot of Nusselt  number hD/kf against U-J 

the  modified  Reynolds  number  based on free-flow  factor pfVbD/bF is 
shown in figure 6(b). The  data fall within 10 percent of a line  repre- 
senting  the McAdms single-wire  equation. 

0 
(u 
M 

. .. " 

Until further experimental  work has been  done, no statement can be 
made  as  to  whether  free-flow  factor  or  porosity  correlates  the  wire 
matrix  data.  Different  configurations  with  various  porosities  and 
higher w a l l  temperatures must be  investigated  before  any  definite  con- 
clusion can be  obtained. 

Correlation of Pressure-Drop  Data 

Wire-screen  pressure-drop  data of various  investigators. - An ex- 
tensive  literature  survey  showed  that a considerable  amount of isother- 
mal wire-screen  pressure-drop  data was av-ble f o r  comparison;  how- 
ever, no data  were  found  for  flow  with  heat  transfer. The isothermal 
data  fram  these  various  sources  covered a wide  range  of  variables in- 
cluding:  Reynolds  nimber,  mesh  size,  free-flow  factor,  porosity,  wire 
size, and number  of  banks. It should  be  noted  that  the  matrix  of  the 
present  investigation  differs frm those of the  other  investigations  in 
that  it has no cross  wires. 

The drag coefficient 4 / q N  was  plotted  against Reynolds number 
G$/pbF -for  the  wire-screen data. It was  found  that  at  Reynolds num- 
bers  of  about 300 and  above, the- cefficient 4 / q N  was generally in- 
dependent of Reynolds  number and increased  with  decreasing  free-flow 
factor. All the  basic  data  were  not  included in many of the  references, 
and  sane  assurqtions  were  necessarily  made in order  to  reduce  the  data 
to a usable form. The  pressure drop 4, with  the  exception  of  refer- 
ence 5 ,  was  taken  as  the  measured  pressure drop across  the  screen  with 
no corrections. The velocity  head q was  based on the  frontal  area 
of the  screen and.the upstream  density. The pressure-drqp  data of ref- 
erence 5 were  corrected  for  momentum  pressure-drop loss, and  the  deneity 
was taken  as  the  average  aensity  in  the wire Bcreen  matrix.  The data of 
reference 5 were-mdified inasmuch as the  Reynolds  number  range  is  high, 
and  the  density  change  through  the  test  section  becomes  important. 
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- Inasmuch as for  the  higher  range of Reynolds  numbers  the drag co- 
efficient 4 / q N  is  independent  of  Reynolds  number, a plot  of 4 / q N  
against  free-flow  factor F is sham in figure 7. Data frm refer- 
ences 5 to 9 are  included,  as  well as a data  point frm the  present 
investigation.  The  best  line  through  the  data can be  represented by 
the  equation 

the  dotted  line was taken  fran  reference 2 and  represents  the  wire- 
screen data of  that  report.  The  equation  repreeenting  the  dotted 
line is 

It is interesting to note that the  data of the  present  report  fall on 
the  dotted  line  of  reference 2. 

Correlation  of  pressure-drop  data of the  present  investigation. - 
The  modified drag coefficient was determined frm figure 7 and is de- 
fined as follows: 

'D - qN 
- ~ 2 . 6 9  

The  equation with the  free-flaw  factor  raised to the 2.69 power was 
chosen,  since  most  of the data of  the various references f a l l  on this 
line.  Figure 8 shows a plot of the  mod.ified  drag  coefficient 
against  Reynolds number G@/pbF for  the  data of the  present hvesti- 
gation.  Data  for three wall temperature  levels  as  well as  the  isother- 
m a l  case are included.  The  physical  properties  of  the  air  are  based 011 
the  average  bulk  temperature.  The  velocity  head q' is  based on the 
frontal  area  of  the  nmstrix  and  the  average of the  inlet  and  outlet  air 
density.  The  pressure  drop 4' is  defined as follows: 

where: 

e 4 measured  static-pressure drop across  tube matrix 

4en entrance  pressure loss 
2 



Lo NACA RM E54D12 

Apmm mmentum pressure loss 

4ex exit  pressure  regain 

It should be noted that the  entrance  pressure loss DPen and  the 
exit  pressure  regain nPex are  opposite in sign  and  nearly  equal i n  
magnitude;  therefore,  the  net  remzlt of these two corrections is insig- 
nificant.  The  various  terms  were  computed  with  the  aid of the following 
schematic disgrk of the  test  section showing the  different  stations: 

0 1  2 3  

The  equations  are  calculated assuming incompressible flow and are ae- 
rived in reference 10. The  static  temperature t was assumed  to  be 
equal t o  the  total twerature T; for  the  range of flow end heat flux 
encountered in this .investigation,  this  assumption was found to be 
valid. When sample  calculations  were  made  to determine the  entrance 
loss and exit regain with ccrmpressible-flow  equations, no significant 
difference was noted  for the range of temperatures and flows of the 
present  investigation. 

The  momentum  pressure loss was determined as follows: 

0 

m 
% 
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It  is  seen  that in the low Reynolds  number  range,  the drag coeffi- 
cients  decrease as the  Reynolds  number  is  increased. The coefficients 
become almost independent of Reynolds  number  above 8 Reynolds  number  of 
about 400. The  data  hold  together faply well, and no definite  trend 
uith  wall  temperature  level exists for  the  temperature  range 
investigated. 

It  should  be  noted  that no measurable  static-pressure  difference 
existed among the  three  entrance  static  taps  or among the  three exit 
static  taps. 

Camparison  of data. - The  pressure-drop  data of the  present  inves- 
tigation  are  shown in figure 9 where 4'/q' is  plotted  against  the 
Reynolds  nunher G$/pbF. Included for cangarisan  is  the f ollowlng 
equation  fram  reference ll: 

A correction  factor  for 4 l/ql is given in reference 11. ~ ~ l h i s  correc- 
tion  factor varies from 1 at a Reynolds  number  of 1000 to 1.2 at a 
Reynolds  number of 200. This correction  factor  was  not  applfed,  as  the 
data  of  the  present  investigation  check  the  predicted line very  well at 
Reynolds  numbers  of  about 500 and  above. No explanation  for thfs dif- 
ference  can  be  given at this  time. 

SUMMARY OF RESULTS 

An experimental  investigation  of  forced-convection  heat-transfer 
and pressure-drop  characteristics  of a closely  spaced  electrically 
heated  wire  matrix  Over a range  of  Reynolds  nunbers  (based 011 wire 
diameter  and maximum velocity) fram 82 to 1900, average  wire  tempera- 
tures up to l . lO9O R, and heat flux densities  up  to 84,000 Btu per hour 
per  square  foot  gave  the  following  results: 

1. The  wire-matrix  heat-transfer  data evaluating the  properties  of 
air  at  film  temperature  agreed fairly w e l l  with  the  McAdams  single-wire 
equation,  but  fell  below  the  equation  for  Grimison' 6 tube  bank data. 

2. When  the  data  were  modified  by  basing  the  Reynolds  number on the 
porosity,  the  data  fell  slightly low when  compared with the  =ne  recam- 
mended  by  Jordan  and  Lapides. A further  modification of the  Reynolds 
number, in which  the  product of the  density at the  film  temperature and 
the  bulk  upstream  velocity  was  substituted  for  the  conventional mass 
flow  per  unit  cross-sectional  area,  resulted in a good  correlation of 
the  data;  the  correlatfon  was  sli&tly law when compared  to a line 
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representing  the  data  of  Jordan  and  Lapides.  However,  until a range  of 
configurations,  porosities, &nd higher  surface  temperatures is investi- 
gated,  the  correlation cas be  considered only preliminary. 

3. Drag cdefficients  for  isothermal  wire-screen  pressure-drop data 
of  various  investigators  were  compared on a free-flow  factor  basis for 
Reynolds  numbers  above 300. The  best  line through this data can  be  rep- 
resented  by  the  equation Ap/qN = 0.215 F-2-69. This correlation was 
applied to pressure  drop  data  with and without heat  addition. 

Lewis Fl ight  Propulsion  Laboratory 
National Advisory Committee  for  Aeronautics 

Cleveland, Ohio, April 15, 1954 

c 

, 
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AppEmDIx - SYMBOLS 

The following symbols are  used in this  report: 

drsg coefficient,  Ap/qN 

modified drag coefficient, 
Ap - 69 

q'N 

specific  heat  of  air, Btu/(lb)(*) 

outside  diameter of tube  or wire in matrix, ft 

free-flow  factor  of  matrix 

mass flow per unit cross-sectional  -ea, lb/(hr)(sq ft) 

acceleration  due  to gravity, (4.17~10~ ft/hr2) 

average.  heat-transfer  coefficient, Btu/(hr) (sq ft) (9) 

thermal  conductivity of air,  Btu/(hr) (sq ft) (?F/ft) 

number of tube  or  screen  banks 

porosity  of  matrlx  (volume of voids in matriX/tOtal  volume  of 
matrix) 

static  pressure,  lb/sq ft 

over-all  measured  static-pressure  drop  across  matrix, lb/(sq ft) 

corrected  static-pressure &op across  matrix, ~b/sq ft 

entrance  pressure loss, lb/sq ft 

exit  pressure  regain, lb/sq ft 

mmentum pressure drop, lb/sq ft 

rate of heat  transfer to air,  Btu/hr 

velocity  head, Go2/2gp0, lb/sq ft 
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modified  velocity head, GO2/2gpav, lb/sq ft 

rate of electrical  power input to test  section,  Btu/hr 

heat-transfer area of  tubes in matrix, sq ft 

average bulk temperature, (Tl + T2)/2, ?R 

average  'film  temperature, (Ts -t- Tb)/2, ?R 

average  surface  temperature of matrix, OR 

average bank temperature, ?Et 

air  temperature  at  entrance  to  tube  matrix, ?€I 

air temperature  at exit  of tube  matrix, 9 

static  temperature, OR 

static  temperature  difference frm w e t  to  outlet of matrix, 91 

upstream air velocity, ft/hr 

air flow, lb/hr 

absolute  viscosity of air, lb/(hr)(ft) 

density of air,  lb/ft3 

Reynolds 

Reynolds 

modified 

modified 

number  based on free-fluw  factor 

number  based on porosity 

Reynolds  number  based on free-flow  factor 
. " . 

Reynolds m e r  based on poroeity 

Russelt  number 

0 
u) 
N 
M 
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z Subscripts: 

av average 

b bulk (when applied  to  properties, indica-fies e d u a t i o n  a t  aver- 
age  bulk  properties, %) 

f film (when applied  to  properties,  indicates  evaluation a t  aver- 
age film  temperature, rf> 

@J 
w 
UI 
0 0 station  before matrix entrance 

1 test  section  entrance 

2 t e s t  .section  exit 

3 s ta t ion   a f te r  matrix exit 
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- 
I u n  

- 
1 
2 
3 
4 
5 

6 
7 
8 
9 
10 

ll 
12 
13 
14 
15 

16 
17 
18 
19 
20 

21 
22 
23 
24 
25 

26 
27 
28 
29 
30 

31 
32 
33 - 

- 
TO' 
OR 

- 

a43 
542 
542 
543 
542 

544 
544 
544 
544 
544 

544 
544 
536 
536 
536 

536 
5 36 
536 
539 
540 

536 
540 
539 
546 
542 

534 
534 
534 
534 
534 

5 34 
534 
534 - 

WJ 
lb 
hr 
- 

36.1 
40.6 
45.9 
52.8 
62.3 

88.4 
112.4 
129.6 
143.4 
156.0 

221.7 
276.5 
165.0 
193.2 
224.7 

258.2 
291.2 
305.9 
335.4 
370.9 

438.1 
497.6 
530.5 
592.9 
658.9 

l16.4 
191.2 
238.9 
278.4 
114.6 

188.4 
242.8 
284.4 

TABLE I. - BASIC EXPERIMENTAL ISOTEZRMAL DATA 

GO, 

[hr)(sq ft) 
lb 

1 , 368 
1 , 539 
1 , 999 
1, 739 

2 , 361 
3 , 350 
4,256 

5 , 431 
5 , 908 
8 , 398 
10 , 466 
6 , 249 
7 , 319 

4,909 

8 j 511 

9,780 
10,828 
11 , 587 
12,704 
14 , 051 
16,595 

20,093 
22 , 459 
24 , 958 
4 , 411 
7 , 242 
9,048 
10 , 548 
4 , 342 
7 , 137 
9 , 196 
10 , 771 

18, 849 

GOD 
PlfF 
- 

103 
116 
133 
150 
178 

251 
319 
339 
408 
443 

630 
786 
474 
556 
646 

742 
837 
880 
962 
1063 

1260 
1424 
1518 
1688 
1882 

336 
552 
690 
804 
331 

544 
7 01 
821 

4, 
Ib * 
0.80 
1.02 
1.23 
1.56 
2.01 

3.60 
5.51 
7.09 
8.54 
9.97 

20.72 
29.76 

14.17 
19.93 

24.50 
30.69 
34.91 
45.47 
57.28 

74.77 
99.72 
-06.46 
-51.44 
-84.22 

5.45 
13.49 
21.31 
27.61 
5.24 

13.12 
22.26 

10 * 64 

28.76 

was less than 0.01 1 b / q  ft. 

lb 
sq ft 

(1) 
0.01 
.01 
.02 
.02 

.09 

.20 

.03 

.05 

.09 

.14 

.23 

.28 

.32 

.49 

1.24 
2.04 
2.58 
3.71 
6.33 

(1) 
(1) 

(1) 

(1) 

.02 

.07 

.03 

.08 

0.77 
.98 

1.18 
1.49 
1.91 

3.39 
5.18 
6.64 
8.00 
9.32 

19.39 
27.65 
9.93 
13.19 
18.59 

22.71 
28.25 
32.35 
42.44 
53.26 

68.87 
92.16 
97.68 
140.13 
169.07 

5.12 
12. EO 
19.90 
25.67 
4.92 

12.26 
20.80 
26.72 

3.0713 
.0715 
.0715 
.0713 
.0715 

.0712 

.0713 

.0713 

.0713 

.0713 

.0714 

.0715 

.0728 

.0728 

.0723 

.0729 

.0730 

.0731 

.0730 

.0731 

.0736 

.0734 

.0735 

.0737 

.0743 

.0741 

.0742 

.0743 

.0744 

.0741 

.076 2 

.0743 

.0744 

q', 
lb 

0.031 
.040 
.051 
.067 
.094 

,189 
.305 
.405 
.496 
.587 

1.184 
1.836 

.644 

.882 
1.192 

1.573 
1.926 
2.204 
2.651 
3.239 

4.490 
5.805 
6.586 
8.211 

LO. 047 

.315 

.847 
1.321 
1.793 
.305 

.823 
1.364 
I. 870 

cA 

I. 455 
.458 
.433 
.413 
,381 

.334 

.316 

.305 

.300 

.296 

.305 

.280 
,288 
.279 
.291 

.269 

.263 

.274 

.298 

.306 

.286 

.296 
I 276 
.318 
.313 

.304 

.277 
-281 
.267 
.301 

.278 

.284 

.266 
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3 - Tot 
OF 

131 
u8 
103 
1cn 
$n 
e4 

80 
7 i  
67 

68 
64 

34 

331 
317 
279 
249 
333 
277 

eo2 
185 
161 
IS2 
132 
l l 9  

- 

411 
395 

329 
336 

322 
267 
?A2 
WB 
224 

%e 

690 42.7 1,.619 
Be9  57.7 2,lF Ba4 79.9 2,950 
694 104.4 3,955 
E95 147.8 5 , W  
886 l U . 6  6,880 

888 226.8 8,580 
885 303.8 ll,500 

1,545 4,M9 
1,650 4,887 
1,925 5,747 

3,459 10,328 
2,5U 7,584 

3,676 10,974 

4,351 =,%a7 
5,176 W,h8 
5 , W  17,527 
6,554 18,563 
7,521 22,450 
7,932 23,676 

3,885 l l , 5 9 7  
4,857 14,499 
5,885 17,587 
8,179 24,416 

5,880 17,493 
7,175  21,418 

9,388 28,w 
ls,738 40,991 
6,753 47,024 

17,427 58,031 

2,405 37,030 

16,339  48,773 

3,644 10,878 
4,993 14,804 

6,876 20,5Z5 
L0,378 30,979 

5,338 16,084 

52.6 
80. 1 
87.0 
77. 9 

102.8 
94.4 

l17.0 
l37.B 
158.S 
172.4 
198.0 
2m.o 

60.4 
69.9 
77.9 

81.1 
91.2 

75.1 

112.8 
198.8 
15L.6 
172.7 

e l3 .  9 
196.4 

51.3 
61.2 
68.2 
77.8 
91.4 

108.2 
136.7 
161.2 

m.1 
1713.4 

- 

: 
- 
5.1 
5.9 
6.7 
7.8 
9.fi 

LO. 6 

12.0 
L4.4 
L6.2 
L7.9 
20.4 
21. a - 
5.1 
6.0 

8.3 
6.8 

6.9 
6.6 

10.4 
19.c 
14.e 
LB.6 
le.? 
21. i 
4.2 
5.c 
5.7 
6.E 
8.C 

9.1 
1e.c 
14.E 
16.1 
17.1 

- 

I 

E W  
kf iq 

4.9 
152 5.6 
lll 

13.3 

3ee 8.8 

208 
7.3 278 

9.7 499 

1.1 617 
5.3 830 
.4.9  887 
d.4  U 7 8  
8 . 7  14a7 
B.4 1678 

4.6 113 
5.3 149 
6.0 208 
7 . 1  333 
6.0 207 
5.8 

e.q 

210 

u o 7  u.a 

as 
u.1 

16ll LB.0 
1391 L6.4 

9u) L8.5 
7 Y  

5.7 82 
4.4 l l 8  
5.0 143 
5.7 201 
6.7 295 

7.5 988 
9.7 63* 

u . 7  Bao 
L2.8 1062 
u.4 la91i 

0.09 1.20 0.0342 0.M9 0.455 
.14 1.89 . E 4 9  .088 .399 
.23 3 . B  .E56 .I59  .361 
.48 5.20 .Mi58 .285 .340 

l . M  13.53 .0679 .836 .302 
.80 9.70 .0872 .SS4 .323 

1.80 20.28 .06m 1.as.s .291 
2.69 33.46 .a63 2.503 .270 
3.78 47.54'   .a92 3.210 .276 
5.51  66.35 .E% 4.667 .273 
9.00 m . a 3  .p7m 7 . m  .272 
a.49 158.27 .mw 9.312 .283 

0.29 1.91 0.0575 0.071 0.504 .48 2.92 .0578 . u o  .455 
.78 4.86 .OS& .223 .CO5 

1.70 10.29 . a 9 9  .E4 .3S8 
.97 5.23 . 4577 .237 . a l l  
.78 4.80 . .p592 .223 .401 

2.85 17.88 .SlE 1.W .320 
5.57 32.63 .E688 Z.164 .XI1 
8.10 49.65 .%a 3.388 .273 

.6.89 100.51 6.9l-9 .271 
1.74 72.28 .(X348 4.908 .e74 

'1.92 146.01 .M75 9.5U .286 

0.20 1.23 0.0556 0.041 0.552 
.39 2.13 .W59 .W .472 
.51 2.75 .E67 . l l8 .4S5 

2.02 9.97 .&72 .480 .379 
.90 4.77 ,0574 .224 .39? 

' 

3.29 w.as ,0570 .8u . 3 a  

.2.s 55.87 .so8 3.672 .m 
7.08 32.93 .&07 l . U  .305 

.8.14 79.53 .ml3 5.E31 .26€ 
5.85 lE.& ;.ce82 7.574 .a0 

I r 
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(a) Overall view. 

Figure 1. - Test setu9. 
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Figure 1. - Coaclu3md. Test setup. 
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(a) Overall view. 

Figure 2. - Test Section. 
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(c) Enlarged photograph of thermooouple a t a l l a t i o n  in matrix element. 

Figure 2. - Concluded. Test seotion. 
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Figure 3. - Heat balance. 
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Tube bank n M e r  

Figure 4. - Representative bank temperature  distribution. 
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